One of the trends that is gaining more and more importance in the field of beyond-5G and 6G wireless communication systems is the investigation on systems that jointly perform communication and sensing of the environment. This paper proposes to use a base station (BS), that we call radar-BS, equipped with a large-scale antenna array to execute, using the same frequency range, communication with mobile users and sensing/surveillance of the surrounding environment through radar scanning. The massive antenna array can indeed both operate as a MIMO radar with co-located antennastransmitting radar signals pointing at positive elevation angles -and perform signal-space beamforming to communicate with users mainly based on the ground. Our results show that using a massive MIMO radar-BS the communication and the radar system can coexist with little mutual interference.
I. INTRODUCTION
Recently, the coexistence between radar and communication systems and the consideration of systems that jointly perform communication and sensing of the environment are topics that have been attracting increasing interest in the field of beyond-5G wireless communication systems [1] - [4] . Indeed, since frequencies used by wireless communication systems are scaling up and trespassing frequency ranges used by radar systems, researchers have started to investigate methods to enable co-existence and spectrum sharing between radar systems and communications systems [1] . Within this research area, relevant efforts have been focused on the case in which the communication systems and the radar system share the same frequency range but are not co-located; in particular, the case in which the two systems cooperate to achieve a jointly optimal operating point and the case in which selfish design rules are employed have been both analyzed. Recently, the paper [4] has analyzed the effect that radar interference has on the uplink of a wireless network wherein the base station (BS) is equipped with a large scale antenna array, showing that in the limit of large number of antennas at the BS, under some conditions, the radar interference to the communication system can be strongly reduced.
This paper considers instead the case in which the radar and communication function are co-located in a radar-BS and use the same massive antenna array 1 . The motivation for considering such an architecture is at least twofold. On one hand, the use of large-scale antenna arrays and of digital beamforming makes it possible to simultaneously steer narrow multiple beams towards different positions. It thus follows that the radar-BS antenna array can communicate with the users, generally located on the ground or at moderate heights, using signal-space beamforming, and, simultaneously, accomplish surveillance tasks of the surrounding area transmitting beams with positive elevation angles. On the other hand, the technological progress we are witnessing is such that in the near future several unmanned flying objects will populate the sky above our heads, and it thus becomes critical to be able to safely control and track them. The large arrays BSs are equipped with represent a precious resource that can be readily used to build with little efforts a network of radars aimed at short-to-medium range sky surveillance in urban areas.
This paper is organized as follows. Next section contains the description of the considered scenario and of the signal model. Section III is devoted to the discussion of the transceiver algorithms used at the BS for both communications and surveillance tasks. Performance analysis is carried out in Section IV, along with the discussion of the numerical results, while, finally, concluding remarks are given in Section V.
II. SYSTEM MODEL
We consider the scenario depicted in Fig. 1 . A radar-BS equipped with a large-scale planar antenna array with N A = N A,y N A,z elements (N A,y on the horizontal axis and N A,z on the vertical axis), jointly serves K single-antenna mobile stations and performs surveillance tasks of the surrounding space -through electronically steered phased-array beams pointed at positive elevation angles -using the same frequency range. The time-division-duplex (TDD) protocol is used for data communication with the mobile stations, so as to exploit the uplink/downlink channel reciprocity. We denote by B the total bandwidth and by f c the carrier frequency. Orthogonal frequency division multiplexing (OFDM) modulation is used for both communication and surveillance tasks; the total bandwidth is thus divided into M subcarriers, i.e. B = M ∆f , where ∆f denotes the subcarrier bandwidth. 
A. Channel model
We now provide the model for the channel between the BS and the potential target. Assume that a target with radial speed v [m/sec] with respect to the radar-BS is present in the surveilled area. The channel from the BS to the target and then, upon reflection, again to the BS is modeled as a random linear time variant system with matrix-valued channel impulse response expressed as
In (1), τ and ν denote the round-trip delay and the Doppler shift induced by the target speed; moreover, letting the pair (φ, θ) denote the azimuth and elevation angles of the target with respect to the BS antenna, we have H T = α T a (φ, θ) a (φ, θ) H , with α T a complex coefficient taking into account the target reflection coefficient and the path-loss. The vector a (φ, θ) represents the BS antenna array response vector associated with the angles (φ, θ), i.e., a (φ, θ) = 1, . . . , e −jkd(ay sin(φ) sin(θ)+az cos(θ)) , . . . , e −jkd((N A,y −1) sin(φ) sin(θ)+(N A,z −1) cos(θ)) (2) withk = 2π/λ the wavenumber, λ the wavelength and d the inter-element spacing.
With regard to the channel between the radar-BS and the generic k-th user, h k say, three different scenarios will be considered: Rayleigh-distributed channel, pure line-of-sight (LoS) channel with uniform phase, and Rice-distributed channels. For the Rayleigh case, we have
where β k subsumes the path-loss and the shadow fading coefficient, and g k ∼ CN (0, I N A ). If the LoS channel model is in force, we have
with β k representing the path-loss, ψ k is the random phase uniformly distributed in [0, 2π] and a (ϕ k , ϑ k ) is the BS antenna array response evaluated at the azimuth and elevation angles, (ϕ k , ϑ k ) say, of the k-th user. Finally, for the Ricedistributed channel we have
where
is the 2D distance between the BS and the k-th user, and p LoS (d k,2D ) is the LoS probability.
B. Signal model: uplink channel estimation
We now provide the signal model for the uplink channel estimation (CE) phase. Since the BS does not transmit during this phase, the received signal will not contain any possible target echo. Let us denote by τ c the dimension in time/frequency samples of the channel coherence length, and by τ p < τ c the dimension of the uplink training phase. We also denote by φ k ∈ C τp the pilot sequence transmitted by the k-th user, with φ k 2 = 1 , ∀k. Based on the above assumptions, the signal received at the radar-BS during the training phase can be therefore expressed as the following (N A × τ p )-dimensional matrix:
with η p,k denoting the k-th user transmitted power, and W p ∈ C N A ×τp represents the thermal noise contribution and outof-cell interference at the radar-BS. The entries of W p are modeles as i.i.d. CN (0, σ 2 w ) RVs.
C. Signal model: downlink communication and radar function
Consider now the downlink transmission phase. Following [5] , we assume that a standard cyclic prefix (CP) OFDM modulation is used for both the communication and radar surveillance tasks, with ∆f the subcarrier spacing. Let T 0 = T CP +T s be the OFDM symbol duration, with T CP and T s = 1/∆f denoting the CP and the symbol duration, respectively. The OFDM frame duration is T OFDM = N T 0 . The unit-power data symbols intended for the k-th user are denoted by x k (n, m) for n = 0, . . . , N −1, m = 0, . . . , M −1, and are arranged in a N × M grid. Similarly, the fictitious unit-power symbols used for radar detection are denoted by x R (n, m) and arranged in a N × M grid. The continuous-time OFDM signals with CP intended to the k-th user and intended for radar surveillance can be thus written as
and
respectively, with rect(t) a rectangular pulse supported on [0, T 0 ]. Accordingly, denoting by η k the power used by the radar-BS to transmit to the k-th user 2 , and letting η R = P R /(M N ), with P R the power used for surveillance purposes, the N A -dimensional signal transmitted by the radar-BS can be written as
In (9), w k is the beamforming vector used to transmit to the k-user, while w R (φ, θ) is beamforming vector for surveillance tasks in the direction corresponding to the azimuth and elevation angles. Two possible choices are considered for w R (φ, θ) .
The former is to use the radar-BS antenna as a phased array producing a phased beam towards the direction (φ, θ), i.e.:
The above choice would however provide some disturbance to ground users; an alternative is thus to modify the beamformer in (10) in order to force to zero the interference produced by the radar signal to the mobile users. Letting U denote a matrix whose columns form a basis for the subspace spanned by the estimated channel vectors h 1 , . . . , h K , we have thus the zero-forcing radar (ZFR) beamformer:
III. TRANSCEIVER ALGORITHMS

A. Uplink channel estimation
Given the observable Y p reported in (6), the radar-BS forms the statistics y p,k = Y p φ k , ∀ k = 1, . . . , K. In order to estimate the channel vectors h k , ∀ k = 1, . . . , K, two possible CE techniques will be considered: pilot matched CE (PM-CE) and linear minimum-mean-square-error CE (LMMSE-CE).
For the case of PM-CE, the channel estimate of h k is written as h k = 1 √ η p,k y p,k . For LMMSE-CE, instead, the channel estimate can be shown to be written as [6] 
2 Uniform power allocation across users is used in this paper, i.e. η k = P DL /(KM N ), with P DL the radar-BS power budget used for communication tasks.
B. Radar processing
Let us now focus on the derivation of the signal processing tasks for the radar, whose aim is to discriminate between the hypothesis H 0 , no target, and the hypothesis H 1 , a target is present, for any scanned range-cell. In order to perform joint radar detection in the direction defined by the angles (φ, θ) and communication with the users, the following discrete-time signal is transmitted
(13) Assuming that a target is present , the following signal is received at the radar-BS:
with τ the delay induced by the target distance and ν the doppler frequency offset induced by the target radial speed. Sampling the received waveform every T s /M and removing the CP removed in each OFDM symbol we obtain [5] : 
where z(n, m) is the DFT of the noise contribution and the approximation follows by letting ν max ∆f . If, instead, the target is absent, the output is simply written as y(n, m) = z(n, m). We thus formulate the detection problem as the following binary hypothesis test 
C. Downlink processing
On the downlink, the signal received by the k-th user is expressed in discrete-time as follows:
is the AWGN contribution. The quantity y k (n, m) thus represents the soft estimate of the information symbol x k (n, m) and can be further processed for data detection.
IV. PERFORMANCE MEASURES
Regarding the radar, the used performance measures are the usual probability of detection and probability of false alarm.
With regard, instead, to the downlink communication system, the downlink achievable rates are taken as performance measure. In particular, starting from Eq. (19), and exploiting the use-and-then-forget bounding technique [7] , the closed form achievable rate formulas, reported in Eqs. (20) and (21) at the top of next page, can be derived for the PM-CE and for the LMMSE-CE, assuming channel matched beamforming, i.e., w k = h k / h k , respectively. In these formulas, τ d = τ c − τ p is the dimension in time/frequency samples of the downlink data transmission phase, γ k = tr H k , and γ k = √ η p,k tr H k E k . Moreover, for the case of Rayleigh channel, we have δ k = β 2 k N 2 A and δ (k) j = β 2 k tr E H j ; for the case of LoS channel, we have δ k = 0 and δ (k) j = 0; and, finally, for the case of Rice channel, we have δ k =
V. NUMERICAL RESULTS
The parameters for the simulation setup are reported in Table I . We assume that the users of the communication system are randomly located on the (x, y) plane with x in [10, 100] (3), we follow the three slope path loss model in [8] and we assume uncorrelated shadow fading. For the LoS channel in Eq. (4), the path-loss follows the model in [9, (5) we use again the model in [8] and the LoS probability is evaluated following [10] . The quantity α T in Eq. (1) containing the target reflection coefficient and the path-loss is modeled as α T = G ζ Lτ , where G = 10 log 10 (N A ) dB is the radar-BS antenna gain, ζ = 0.1253m 2 is the target radar cross section (RCS) 3 and L τ = (4π) 3 λ 2 cτ 2 4 . We define the Radar-Communication-Ratio (RCR) as RCR = P R /P DL . The scanning area of the radar system extends for [−60, 60] o in azimuth and for [10, 80] o in elevation. Fig. 2 reports the cumulative distribution functions (CDFs) of the downlink (DL) rate per user for the three channel models discussed in Section II-A and for two values of RCR. Results show that the presence of the radar system has some effect on the users achievable rates, even though the use of ZFR beamforming helps t restore the system performance. The figure also permits assessing the impact of the CE techniques on the system performance. Fig. 3 reports the DL rate per user in the cases of Rayleigh and Rice channels, for fixed RCR, and for two values of antenna configurations at the radar-BS. The figure permits assessing the beneficial impact of the increase of the antenna array size. In Fig. 4 , we report the probability of detection P D versus the target distance, using Rayleigh channel for the users and two values of RCR. The threshold γ in Eq. (18) has been numerically evaluated assuming a false alarm probability of 10 −2 . It can be seen that the performance in the case of CE and PCSI is the same, due to the fact that the knowledge of the channels between radar-BS and users does not play any role in the detection capability of the system. Additionally, as expected, it is shown that the detection performance in the case of ZFR is worse than that achieved with PBR: indeed, nulling the interference between the radar signal and the users has a negative impact on the shape of the beam used for target detection.
VI. CONCLUSIONS
The paper has analyzed the case in which a radar-BS equipped with massive MIMO arrays is used for joint communications and sensing tasks. A system model for the proposed architecture and the related signal processing algorithms have been derived. Promising numerical results have been shown, which are a ground for further investigations on this subject. 
